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Epitaxial Fe-N films have been grown on Fe or Ag ~001! single-crystal underlayers by the sputter
beam method. The Fe-N films on both underlayers have a bct structure ~a8-martensite!, whose
lattice is elongated along the @001# direction by nitrogen atoms located in octahedral interstices of
a-Fe. These films possess well-defined crystal orientation and exhibit a higher saturation
magnetization ~4pMs! than that of a-Fe for a certain range of various nitrogen content.
Postannealing promotes ordering of nitrogen atoms in the bct lattice, resulting in precipitation of a
metastable a9-Fe16N2 phase in Fe-N films. The 4pMs of the annealed samples tends to increase with
the increase of the a9 volume fraction, and the Fe-N film with 4pMs of about 25 kG contains 26–33
vol% a9 phase. While both Fe and Ag underlayers can promote epitaxial growth of the Fe-N films,
very fast ordering of nitrogen atoms and easily decomposed a9-Fe16N2 have been observed in the
sample on a Ag underlayer. This fact leads to the fact that the ordering rate and the stability of
a9-Fe16N2 are very sensitive to its crystal quality. © 1996 American Institute of Physics.
@S0021-8979~96!41308-X#I. INTRODUCTION
Since the discovery of an abnormally high magnetization
~28.3 kG! in a9-Fe16N2 by Kim and Takahashi,1 a lot of
intensive work has been done to clarify the physical proper-
ties of a9-Fe16N2. However there have been many controver-
sial results on the magnetic properties of the a9-Fe16N2. The
reported values of the saturation magnetization ~4pMs!
range from about 30 kG2,3 or 25–28 kG4–7 to almost the
same for a-Fe.8 A crucial discrepancy has also been seen in
the Mo¨ssbauer spectra of the a9-Fe16N2. Most reports insist
that the three different hyperfine fields correspond to three Fe
sites in the a9-Fe16N2.4,8,9 In contrast, Sugita et al. have re-
cently confirmed that there is only one hyperfine field in the
a9-Fe16N2 single-crystal film.2
We consider that such a contradiction was mainly caused
by inappropriate structural characterization of the Fe-N
samples. Usually, the structural analysis of Fe-N samples is
performed by the conventional x-ray diffraction ~XRD!
method. As was pointed out in the previous paper,10 im-
proper conclusions will be derived unless very careful cor-
rections are performed.
In the present study, Fe-N films are epitaxially grown on
Fe or Ag ~001! underlayers by the sputter beam ~SB! method
by which high quality single-crystal films have been
fabricated,11 and their structures are carefully determined.
We will show the relationship between the magnetization and
some structural factors of the Fe-N films on Fe and Ag un-
derlayers.
II. EXPERIMENT
Figure 1 shows a schematic diagram of the SB system.
This system consists of a discharge chamber and a film depo-
sition chamber.11 GaAs ~001! single-crystal wafers were used
as substrates. Prior to film deposition, the SB system was
evacuated to 331027 Torr for the discharge chamber and
331028 Torr for the deposition chamber.
Fe underlayers were deposited directly onto GaAs sub-
strates, while Ag underlayers were deposited on 30-Å-thick
Fe seed layers. The substrate temperature (Ts) was 250 °C5250 J. Appl. Phys. 79 (8), 15 April 1996 0021-8979/96
Downloaded¬24¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjwith an Ar gas pressure (PAr) of 4 mTorr in the discharge
chamber and 0.1 mTorr in the deposition chamber. Fe-N
films were deposited at Ts5room temperature ~rt! with
PAr54 mTorr in the discharge chamber and N2 partial pres-
sure (PN)50.1–0.35 mTorr in the deposition chamber. The
final forms of the prepared samples are Fe-N ~800 Å!/Fe
~400 Å!/GaAs ~001! and Fe-N ~1200 Å!/Ag ~500 Å!/Fe ~30
Å!/GaAs ~001!. The deposition rate was controlled to be
4–4.2 Å/min throughout the experiments. Bias voltage
(Vb) of 220 V was applied to the substrate during the depo-
sition of the Fe-N films in order to enhance epitaxial growth
of the films by Ar ion bombardment.12 In the present experi-
mental conditions, the kinetic energy of the ions is about
217 eV which is an optimum value for epitaxial growth of
FIG. 1. The schematic of the sputter beam system./79(8)/5250/3/$10.00 © 1996 American Institute of Physics
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Fe-N film.10 Annealing of the films was sequentially carried
out at a temperature (Ta) of 200 °C for 10–100 h. The crys-
tal structures of the films were investigated by an x-ray dif-
fractometer ~using Cu Ka line! which has a focusing length
of 185 mm, and their surface structures were investigated by
the reflection high-energy electron diffraction ~RHEED!. The
value of 4p Ms was measured by a vibrating sample magne-
tometer ~VSM! with an applied field of 15 kOe. The 4pMs
of our a-Fe single-crystal films was within 21.560.5 kG.
III. RESULTS AND DISCUSSION
Figure 2 shows the RHEED patterns of the Fe-N films
grown on Fe and Ag underlayers. The diffraction from the
two underlayers shows very sharp streaks, indicating that
they are epitaxially grown and possess very flat surfaces. We
note that the Fe-N films on those underlayers also exhibit
continuous streaks reflecting the symmetry of the underlay-
ers although the streaks become a little obscure. The crystal
quality of the Fe-N film on the Ag underlayer is found to be
somewhat inferior to that on the Fe underlayer. From the
RHEED and XRD measurements, the crystal structure of
those Fe-N films is obviously the disordered phase
~a8-martensite!. According to the rocking curve measure-
ments, the dispersion angle of the Fe and Ag ~002! peak is
smaller than 1° and that of a8-Fe-N ~002! peak is less than
2°.
The RHEED patterns of the annealed Fe-N films are
shown in Fig. 3. The streaks with a half period of the original
ones appear and become clearer as the annealing time in-
creases. These streaks indicate formation of the ordered
phase ~a9-Fe16N2!. For the sample annealed for 100 h, the
streaks with the half period are very strong but with rather
spotty diffraction, indicating that clusterlike a9 phase pre-
cipitates in the Fe-N film. As is clear in the RHEED pattern
of the sample annealed for 30 h, more rapid ordering of N
sites is found in the sample on the Ag underlayer. Too pro-
longed annealing, however, reduces the diffraction intensity
of the ordered phase. From this result, it is clear that the
ordering of N atoms is related to the morphology of Fe-N
FIG. 2. RHEED patterns from @110# direction of the ~a! Fe underlayer, ~b!
Fe-N film on Fe underlayer, ~c! Ag underlayer, and ~d!Fe-N film on Ag
underlayer.J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
Downloaded¬24¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subfilms. Since surface energy of Ag is extremely small com-
pared with that of Fe, the Fe-N film on the Ag underlayer
may take the form of the so-called island structure, resulting
in a higher density of defects and grain boundaries. Hence,
the N atoms in the Fe-N film will easily move to the ordered
sites of a9-Fe16N2 through diffusion through the lattice de-
fect or grain boundary.
Figure 4 shows the XRD profiles of the annealed Fe-N
FIG. 3. Change of RHEED patterns of Fe-N films with the annealing time.
~a!–~c! are those on Fe underlayer and ~d!–~f! are those on Ag underlayer.
FIG. 4. Typical XRD profiles of annealed Fe-N films on ~a! Fe underlayer
and ~b! Ag underlayer.5251Okamoto, Kitakami, and Shimada
ject¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp
films. Both the Fe-N films on Fe and Ag underlayers exhibit
the distinct diffraction peaks from a9~002! and a9~006!, and
these peaks are evidence of the existence of a9-Fe16N2. In
addition to ~002! and ~006! peaks, we have observed the
peculiar peaks of ~103!, ~105!, ~204!, and ~114! from
a9-Fe16N2 by asymmetric XRD measurements.10 For both Fe
and Ag underlayers, the lattice constants a and c of
a9-Fe16N2, respectively, are 5.70–5.71 and 6.30–6.31 Å,
which are very close to the values reported by Jack ~a55.72
Å and c56.29 Å!13 and so the bct structure of our a9-Fe16N2
is slightly expanded to the c-axis direction.
Figure 5 shows the dependence of 4pMs on the unit cell
volume of a8 phase. It has been found to be proportional to
the nitrogen content in the Fe-N film.12 4pMs of a8 phase on
both Fe and Ag underlayers are obviously larger than that of
Fe for all N content range examined in this experiment. The
maximum value of 4pMs of a8 phase is 23.3 kG. However,
4pMs tends to decrease to the value of a-Fe as a8 unit cell
expands further in the high N content region. This decrease
may be attributed to existence of nonmagnetic phase ~g-
austenite! or the other unknown reason. The Mo¨ssbauer mea-
surement is in preparation in order to explain this change.
In Fig. 6, 4pMs of Fe-N films are shown as a function of
the a9 phase volume fraction. The a9 volume fraction was
determined from x-ray diffraction intensity ratio
Ia9(002) /I @a9(004)1a8(002)# with the theoretical intensity ratio
Ia9(002) /Ia9(004) of a9-Fe16N2. The theoretical ratio was de-
termined with exact evaluation of the line absorption factor
and irradiation area of the x-ray beam. As seen in this figure,
4pMs of the annealed films tends to increase from 23 kG to
about 25 kG with increasing the fraction of the a9-Fe16N2.
This result demonstrates that a9-Fe16N2 obviously has a very
high magnetization. It is, however, difficult to accurately de-
termine the 4pMs of a9-Fe16N2 because of the limited a9
volume fraction, and as is noted in Fig. 5, 4pMs of
a8-martensite cannot be fixed.
IV. CONCLUSIONS
Fe-N ~001! epitaxial films were grown on Fe and Ag
~001! single-crystal underlayers by the SB method, and
FIG. 5. Saturation magnetization 4pMs of Fe-N films on Fe and Ag under-
layers as a function of the unit cell volume of a8-martensite.5252 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
Downloaded¬24¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬suba9-Fe16N2 phase was precipitated in the films by post anneal-
ing. The epitaxially grown Fe-N ~001! film, whose structure
is bct a8-martensite, possesses a saturation magnetization
larger than that of a-Fe. Formation of a9-Fe16N2 was clearly
observed in the films annealed at 200 °C. The magnetization
of the annealed Fe-N films tends to increase with increasing
the volume fraction of the a9-Fe16N2. This result indicates
that the a9-Fe16N2 has a magnetization much larger than
a-Fe. But the magnetization of a9-Fe16N2 cannot be accu-
rately determined in this study. We are now preparing Mo¨ss-
bauer measurements in order to determine the magnetization
of a9-Fe16N2 and a8-martensite in our Fe-N film.
We did not find out any distinct differences in the mag-
netic properties and the crystal structures of the Fe-N films
on Fe and Ag underlayers. However, the ordering of N atoms
is more rapid in the a8-martensite on the Ag underlayer than
that on the Fe underlayer, moreover, too long annealing
made a9-Fe16N2 easily decompose in the samples on the Ag
underlayer. That the morphology of the Fe-N films may af-
fect the ordering rate and the stability of a9-Fe16N2. The
lattice defect or grain boundary may accelerate ordering of N
atoms in the a8-martensite, but may also impede the thermal
stability of ordered N atoms in a9-Fe16N2.
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